The radiosensitivity of the heart has been known since Louis Fajardo described severe myocardial fibrosis leading to congestive heart failure in patients who had been cured from Hodgkin's disease by mantle field radiotherapy [1, 2] . In the classical form of this treatment, considerable parts of the heart are in the primary beam and receive doses over 40 Gy (fractionated). The report by Kodama in the early 1990s of a significant dose-related increase in deaths from heart diseases among Japanese A-bomb survivors observed in the Life Span Study, which was compatible with a linear non-threshold dose-risk relationship [3] , stimulated a large number of epidemiological and clinical research activities, e. g. in patients treated for nonmalignant disorders such as peptic ulcer by Carr et al. [4] or in many other Hodgkin's disease cohorts [5] [6] [7] . The most important studies addressed the cardiovascular disease risk of patients who had been cured from breast cancer by postoperative radiotherapy [8, 9] . Other radiotherapy studies explored more specific heart diseases, such as myocardial infarction or valvular diseases [10, 11] . An increased mortality from heart diseases was also demonstrated among people who had been occupationally exposed to ionizing radiation [12, 13] . The results of these studies were reviewed again and again, by individual scientists or committees, e. g. [14, 15] , thus confirming the extraordinary radiosensitivity of the heart. Most studies had very poor dosimetry, none had individual dosimetry and nearly all relied on mean heart dose estimates. Only few studies attempted to determine Klaus Rüdiger Trott klaustrott@yahoo.it 1 UCL Cancer Institute, University College London, London, UK partial heart doses in relation to specific radiation-induced heart diseases [16] [17] [18] [19] .
The results of these studies were often considered by workshops, committees and institutions with a special interest in the potential implications they would have for the current system of radiation protection. The Article 31 Group of Experts of the Euratom Treaty discussed the problem in 2008 [20] . They concluded that there was convincing evidence for a significant risk of cardiovascular mortality after moderate and low radiation doses, and that policy and regulatory implication should be further discussed and research in this field stimulated. The number of publications, reviews and presentations at international conferences has increased rapidly. At present, it is nearly impossible to determine whether any new fundamental information has come from all the epidemiological work. However, there are several issues which call for caution in interpretation of the results of the plethora of epidemiological studies:
1. Radiation exposure has been proven to be able to cause five different heart diseases: pericarditis, myocardial fibrosis, myocardial infarction, conduction defects and valvular insufficiency. The anatomical site of the manifestation of the pathology is different for each of these heart diseases, and thus the location of the target within the organ is also likely to be different. As yet, no study has been published which addressed this fundamental problem. Particularly in medical exposures, where inhomogeneous dose distributions within the organ are a hallmark of exposure, the relationship between dose distribution within the organ and type and location of heart disease would be a high-priority research programme. Such studies would also help to identify radiobiological pathogenic pathways in humans, and provide sound criteria for optimizing treatment plans in radiation on-cology and setting standards of heart risk-related dose specification in diagnostic radiology. A large amount of new information was accumulated in these large research projects which continue to publish. It goes without saying that any new research project into the biology, the mechanisms and the biological modelling of radiation-induced heart diseases and dose specification for epidemiological studies has to be based on the results of these EUfunded projects. Very little research into the radiobiology of radiation-induced heart diseases has been performed outside Europe. 3. Modelling approaches often fail to consider the fundamental difference between the radiation dose dependence of cancer risk and the radiation dose dependence of cardiovascular risk. Whereas cancer incidence or mortality rates increase with increasing dose, for cardiovascular diseases it is the severity of the disease and the rate of severity progression which depends on dose [23] . This problem is not easy to overcome but is usually washed away by using severity scoring systems which have been developed for completely different purposes and are more or less useless for research of the role of radiation in the development and progression of highly specific and multifactorial diseases such as radiation-induced heart disease. This causes particular problems in animal experiments using small rodents, but can be overcome in prospective clinical studies. Such a study should first determine a detailed three-dimensional-dose map of the heart (e. g. in postoperative radiotherapy of breast cancer), followed by repeated functional imaging (CardioMR, SPECT perfusion studies, clinical heart function studies etc.) at biennial intervals. The aim would be to study the localization of pathological and pathophysiological changes in relation to the anatomical dose distribution and the progression of these changes over the years (follow-up at least 10 years). Such a study is currently in progress at the department of radiation oncology of the Technical University Munich.
4. In vitro studies on established endothelial cell lines or primary cells which are irradiated and followed in vitro are of limited value for investigation of the pathogenic pathways leading to microvascular insufficiency and radiation-induced heart diseases. The experimental design developed by the CARDIORISK project overcomes many of the problems by giving high-precision local radiation exposure to the heart and keeping the animals until their natural end of life up to 12 months later. This way, cardiac pathology develops under physiological conditions, and additional stress factors or protective modulation can be added to study their effect in vivo. However, the possibilities for studying the pathophysiology of radiation-induced heart damage in rodents are limited. Therefore, methods have been developed in the CARDIORISK project to study changes-from organ physiology to tissue pathology and molecular biology of different cell types-developing in a physiological tissue environment many months after exposure. Of particular interest are the long-term changes in the biology and molecular biology of microvascular endothelial cells and cardiomyocytes. Significant late and very late changes after doses well below 1 Gy have been observed both in the mitochondria of cardiomyocytes [24] and in microvascular endothelial cells [25] . 5. Dosimetric studies in patients demonstrated the pronounced interindividual variations of dose distributions which are entirely due to differences in patient anatomy [17, 19, 26] . In order to develop a sound understanding of the dose dependence of radiation-induced cardiovascular diseases, prospective epidemiological studies with precise dosimetry concentrating on local dose distribution are required. Very few cohorts are available for such a study. By far the best option is the German Childhood Hodgkin Disease Study [11] , which is a sequence of randomized clinical studies. In every subsequent study, the prescribed dose was reduced such that five different prescribed dose levels can be compared. Moreover, all treatment plans are still stored, and follow-up was up to 40 years and included routine ultrasound heart investigation. A highly significant dose-dependent increase in non-fatal but clinically significant valvular diseases and other heart diseases was reported. This source of important information should be used to study the dose dependence of one (or more) heart diseases. Similar studies could and should be performed after postoperative radiotherapy of breast cancer patients. 6. The most significant animal studies performed in recent years on the problem of the pathophysiology of radiation-induced heart disease are those conducted in Groningen on the functional interaction between radiation injury in the heart and the radiation injury of the lung [27] . They demonstrate that radiation-induced pneu-monitis or lung fibrosis may cause a potentially lethal increase in pulmonary hypertension, which may cause severe stress on the right heart function causing potentially lethal right heart backward failure. Any study on potentially useful predictive markers should be aware of the fact that most of the currently used heart irradiation techniques expose a larger volume of lung than heart. Radiation exposure of the lungs is known to trigger a large spectrum of molecular and biochemical responses which are only indirectly related to heart irradiation. However, this heart/lung interaction is not only a major complicating factor of radiobiological experiments on the heart, it can also be used to investigate the complex pathophysiological development of radiationinduced heart diseases by modulating the interaction of partial organ exposure of heart and lung, e. g. by varying exposed organ volumes/doses or times of radiation, thus causing functional stress during different periods of radiation damage development.
